S£CLRITy^l-ASSWqCATION  OF  This  PAGE  rUTinn  D aim  Entered) 


^  J  C\R|PORT  documentation  page 

a''  MREPOBT  NTfWpga. —  -  '  ■  2 .  GOVT  ACCESSION  ► 

l\ ?!  AfOSR  ■tTR~  8  1  -  0  3  3  3  Up-flew:?  k3 


3Arp  READ  INSTRUCTIONS 

AOC  _ BEFORE  '-QMPLF.TING  FORM 

J.  GOVT  ACCESSION  NO. I  3  R*^PIEnt'S  CATALOG  NLM&EH 


tl.  TITUS  i- Subrteler 


{  L  P  experimental  study  of  electronic  states  final  ,  T  . 
\  At  metal-dielectric  interfaces  ,  "•  ± _ 

%  S/y  Ss,  6.  PEPFOGMIN  g  c  r  g 


5  \\^ype/DP  REPC^t^ cd veres 


.  REPORT  NUMBER 


fl.  AuTHOR(\s)  . 

i/\  A.J./Si 


B_CONT_P.AjC.tO  a  6BAHT  Nl’M3EPi  t) 


eversj  Professor  of  Physics  f  /$  ,  AF0SR-78-3684 


9.  PERFORMING  ORGANIZATION  NAME  AND  ACORESS 

Lab.  of  Atomic  and  Solid  State  Physics 
Cornell  University 

Ithaca.  NY  14853 _ 

u.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

AFOSR/i:n  , 

Bolling  AF3,  DC  20332 


10.  program  El emen t,\proj/Ct,  tas< 

AREA  4  WORK  UNIT  M4*M*TtRS 


12.  REPORT  DATE 


DOlling  Ar  U  j  U  G  /U  j  J4  V  V  tj.  NUMBER  OF  PAGES 

43 

14.  MONITORING  AGENCY  NAME  4  A00REfc5f*f  differynt  from  Controlling  Office)  j  IS.  SEC'JRlTv  CLASS.  fot  ^hi  s  report 

(/  7  1 7  "  (  /  y  V  7  !  “nc1assified 

V  *  -{  _  \  1/  ■  .  T5 *.  DECLASSIFICATION  DOWNGRADING 

^ 7  *r" .  SCHEDULE 


is.  DISTRIBUTION  STATEMENT  (of  (his  Report) 


Awnrovoa  for  T-- '•  ■ picnic, 


17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  in  Block  20,  if  different  from  Report) 


18.  SUPPLEMENTARY  NOTES 


19.  KEY  WOROS  (Continue  on  reverse  side  if  necessary  ajid  identify  by  block  number) 


Spectroscopic  techniques 
Metal/Dielectric  Interfaces 


120  ABSTRACT  (Continue  on  reverse  side  ft  necessary  end  identify  bv  black  number' 


During  the  past  24  months  we  have  succeeded  in  developing  two  new  infrared 
techniques  which  are  ideally  matched  for  the  spectroscopic  investigation 
of  metal  dielectric  interfaces.  The  first  technique  is  surface  wave  inter¬ 
ferometry.  which  is  described  in  Reports  A,  B  and  D.  We  show  that  edges, 
steps  or  dielectric  discontinuities  on  metal  surfaces  produce  two  kinds 
of  propagating  waves:  surface  plasmons  which  are  bound  to  the  surface 
and  bulk  electromagnetic  radiation.  Since  both  waves  are  coherent  interfe- 


DD  , 1473 


0:1 


SECURITY  CLASSIFICATION  OF  THIS  PAGEr>*?i«n  Dmt»  En<trtd) 


unclassified 


-rence  effects  can  be  readily  observed.  A  two  beam  interferometer  has 
been  constructed  on  the  metal  surface  to  demonstrate  the  interference 
phenomena  and  also  to  provide  an  i nterferometric  wavelength  measurement 
of  infrared  surface  waves.  The  geometry  appears  well  suited  for  hetero¬ 
dyne  spectroscopic  study  of  surface  states. 

The  second  technique  is  broad  band  surface  electromagnetic  wave  spectro¬ 
scopy,  which  is  described  in  Reports  C  and  E.  The  frequency  range  inves 
tigated  so  far  is  from  600  to  1800  cm"'.  A  sharp  absorption  line  near 
1000  cm-'  in  a  molecular  overlayer  was  used  to  compare  the  surface  elec¬ 
tromagnetic  waves  (SEW)  and  surface  reflection  spectroscopy  techniques 
(SRS).  The  integrated  optical  density  of  the  absorption  line  is  an  orde 
of  magnitude  larger  with  SEW  than  with  SRS,  demonstrating  conclusively 
that  SEW  is  the  more  sensitive  technique.  We  anticipate  that  the  SEW 
broadband  technique  will  be  particularly  useful  for  the  spectroscopic 
investigation  of  the  first  steps  of  metal  oxide  growth. 


AFOSR-TR-  81  -0334 


FINAL  SCIENTIFIC 


An  Experimental  Study  of  Electronic  States 
at  Metal-Dielectric  Interfaces 


Contract  #AFOSR-78-3684 


Submitted  to: 


Submitted  by: 


Principle  Investigator: 


AFOSR/NE  (Attn:  J.P.  Parsons) 
Laboratory  of  Atomic  and  Solid  State 


Physics 

Cornell  University 
Ithaca,  NY  14853 
A.J.  Sievers,  Professor  of  Physics 


STAFF: 


A.K.  Chin 


Z.  Schlesinger 
B.  Webb 
E. A.  Schiff 
T.R.  Gosnell 


L.H.  Greene 


R.P.  Devaty 


0 


March  13,  1981 


8  nr-!  007 


TABLE  OF  CONTENTS 


I.  SUMMARY 

II.  TECHNICAL  ACCOMPLISHMENTS 

A.  New  Infrared  Techniques 

(1)  Surface  Wave  Interferometry 

(2)  Broad  Band  Surface  Wave  Spectroscopy 

B.  A  New  Metal-Semiconductor  Composite  Material 

III.  REPORTS  AND  PUBLICATIONS 


A.  Surface  Wave  Interferometer  for  the  Infrared  Region  19 

B.  Surface  Wave  Interferometry  21 

C.  Broad  Band  Surface  Electromagnetic  Wave  Propagation 

on  Metal  Surfaces  25 

D.  Interferometric  Wavelength  Measurement  of  Infrared  Surface 

Waves  27 

E.  Broad  Band  Electromagnetic  Wave  Spectroscopy  31 

F.  Intraband  Magneto-Optical  Studies  of  InSb-NiSb  Eutectic  37 

G.  Origins  of  Very  Shallow  Photoconduction  in  Ge:Sb  41 


Accession  For 

NTIS  CP1 5:1 
DTIC  T B 
Unarm  ounce  (5 

Justification.. 


By - 

Distribution/ 
Availability  Cosos 


AIR  FORCE 

woir:’.-; 

Ti.’ '  • 
"I'r l-o  ■ 

D  i  -- 1 !  ' :  '  . 

A. 

T.-  .  f.  <i 


<v.tITO  OR  SCIENTIFIC  RESEARCH  (AFSC) 

T:\"  ;R'TvAl;  to  roc 

.  .  .  !•  -v  .  .  ’3  is 

1A*V  AIR  Vb) 

».  ■  i  U  •  *  i  ■  -  *•  * 1  **  d  *  • 

Iiu'o)  tfutlon  Officer 


l 


March  13,  1981 


Contract  #AFOSR-78-3684 


FINAL  REPORT 


An  Experimental  Study  of  Electronic  States 
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Laboratory  of  Atomic  and  Solid  State  Physics 
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I.  SUMMARY 

During  the  past  24  months  we  have  succeeded  in  developing 
two  new  infrared  techniques  which  are  ideally  matched  for  the 
spectroscopic  investigation  of  metal  dielectric  interfaces.  The  first 
technique  is  surface  wave  interferometry,  which  is  described  in 
Reports  A,  B  and  D.  We  show  that  edges,  steps  or  dielectric 
discontinuities  on  metal  surfaces  produce  two  kinds  of  propagating 
waves:  surface  plasmons  which  are  bound  to  the  surface  and  bulk 

electromagnetic  radiation.  Since  both  waves  are  coherent  inter¬ 
ference  effects  can  be  readily  observed.  A  two  beam  interferometer 
has  been  constructed  on  the  metal  surface  to  demonstrate  the 
interference  phenomena  and  also  to  provide  an  interferometric 
wavelength  measurement  of  infrared  surface  waves.  The  geometry 
appears  well  suited  for  heterodyne  spectroscopic  study  of  surface 


states. 


The  second  technique  is  broad  band  surface  electromagnetic 
wave  spectroscopy,  which  is  described  in  Reports  C  and  E.  The 
frequency  range  investigated  so  far  is  from  600  to  1800  cm'1.  A 

sharp  absorption  line  near  1000  cm”1  in  a  molecular  overlayer  was 
used  to  compare  the  surface  electromagnetic  waves  (SEW)  and 
surface  reflection  spectroscopy  techniques  (SRS).  The  integrated 
optical  density  of  the  absorption  line  is  an  order  of  magnitude 
larger  with  SEW  than  w  u.;.  SRS,  demonstrating  conclusively  that 
SEW  is  the  more  sensitive  technique.  We  anticipate  that  the  SEW 
broadband  technique  will  be  particularly  useful  for  the  spectro¬ 
scopic  investigation  of  the  first  steps  of  metal  oxide  growth. 

II.  TECHNICAL  ACCOMPLISHMENTS 
(A)  New  Infrared  Techniques 
(1)  Surface  Wave  Technique 

We  describe  an  interference  phenomena  which  can  occur  on 
coated  metal  surfaces  due  to  the  tendency  of  a  SEW  to  radiate 
two  coherent  beams  when  the  nature  of  the  surface  supporting  it 
changes.  We  demonstrate  this  effect  with  a  two  beam  interfero¬ 
meter  of  variable  path  length  in  which  the  SEW's  comprise  one 
arm  and  the  bulk  waves  the  other.  The  observed  interferograms 
and  their  Fourier  transforms  are  in  good  agreement  with  model 
predictions. 


Below  the  surface  plasmon  cutoff  frequency  the  interface  be¬ 
tween  the  semi-infinite  half  spaces  of  metal  supports  a  single 

bound  TM  mode.  The  SEW  propagates  along  the  interface  and  its 
field  amplitudes  decay  exponentially  with  distance  away  from  the 
interface. 

There  may  be  several  such  modes  for  a  metal  surface 
covered  with  a  thick  dielectric  overlayer  of  thickness  d.  For  a 
given  infrared  frequency  the  real  and  imaginary  parts  of  the 

refractive  index  of  these  modes  as  a  function  of  overlayer 

thickness  are  illustrated  in  Figure  1.  In  Figure  lb  is  shown  the 

real  part,  which  varies  monotonically  from  just  above  the  value 
for  vacuum  to  approximately  that  of  the  dielectric  overlayer 

itself  while  in  Figure  lc  is  shown  the  absorption  coefficient  of 

the  j1^  mode.  Also  shown  in  the  top  of  Figure  1  is  the  mode 
range,  which  characterizes  the  spatial  extent  of  the  intensity 

profile  of  the  j**1  mode  above  the  metal  surface.  This  precipi- 
tious  change  of  the  range  in  a  region  of  overlayer  thickness, 

where  the  index  and  the  absorption  coefficient  are  small,  can 
produce  a  novel  interference  phenomena  unique  to  inhomogeneous 
propagating  waves. 

To  illustrate  the  interference  phenomena,  we  consider  a 
metal  surface  which  is  partially  covered  with  a  thick  dielectric 
layer  as  illustrated  in  Figure  2a.  the  propagation  of  radiation 
across  a  step  discontinuity  in  the  overlayer  thickness  can  be 
viewed  in  terms  of  the  coupling  of  the  normal  modes  on  one  side 
to  the  normal  modes  on  the  other. 
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In  particular,  consider  a  SEW  cn  the  bare  metal,  z  > 

0,  travelling  toward  the  step  discontinuity  in  Figure  2.  Since 
the  discontinuity  is  small,  reflection  and  refraction  are  small. 

One  might  expect  the  incident  SEW  to  couple  predominantly  to  the 
SEW  of  the  coated  region  since  both  are  bound  modes;  however, 
even  for  fairly  thin  overlayers  the  range  of  the  SEW  above  the 

coated  metal  surface  is  much  less  than  that  of  the  SEW  above 
the  bare  metal  as  shown  in  Figure  3-  The  boundary  conditions 

■.at  z  =  0)  can  be  satisfied  only  if  the  incident  SEW  produces  un¬ 
bound  bulk  radiation  in  addition  to  the  transmitted  SEW . 

This  bulk  radiation  is  produced  in  the  form  of  a  packet 
traveling  in  the  -  z  direction  and  spreading  slowly  in  the  x 
direction.  The  SEW  travels  along  the  coated  surface  with  a 
phase  velocity  c/nQ  while  the  phase  velocity  of  the  bulk  wave 
packet  which  travels  above  the  overlaver  is  c.  At  the  far  edge 
of  the  overlayer,  z  =  l ,  the  SEW  and  the  bulk  wave  packet 
both  contribute  to  the  transmission  of  a  bare  metal  SEW,  however 
these  two  contributions  will  in  general  no  longer  be  in  phase. 

The  total  intensity  of  the  resultant  SEW  launched  at  z  =  i 
can  be  written; 

l<  i)  =  IC£WU)  -  IgU  )  +  y  •  Ig(  i)  cos{£  (no~l)  *•]  (1) 

where  Ietr,  ,(Z  )  and  I_(  l)  are  the  comoonent  intensities.  Because 
n  -1  is  small,  large  interference  periods  will  be  produced  by 
relatively  short  wavelength  radiation  'e.g.  it  =  3  mm  at  ; 

=  10  -  )  .  To  test  these  conclusions,  evaporated  Ag  and  Au  films 


^dielectric 

cverlayer 


.  z  ‘  ,  'I 
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figure  2.  'a.1  coordinate  sv 

1  b ;  Tap  view  of  the  surface 
Ge  cverlayer  are  evaporated 
wave  propagates  from  left  t 
length,  the  entire  assembly  is 
Figure,  For  the  thin  overlays 
and  refraction  of  waves  at  the 


:cr  cie-ectric  layer  on  a  meta:  surface, 
s  interferometer.  3oth  the  metal  and  the 
the  XC1  coupler.  The  incident  surface 
ght.  To  change  the  Ge  cverlayer  path 
nsiated  towards  the  top  or  bottom  of  the 
1ms  described  in  the  text  both  reflection 
rlayer  boundary  can  be  ignored. 
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were  deposited  on  KC1  couplers.  Over  part  of  these  rectangu¬ 
larly  shaped  films  thin  Ge  overlavers  of  a  triangular  shape  were 
then  deposited,  as  shown  in  Figure  2b. 

The  SEW  was  launched  from  a  CO^  laser  beam  at  one  edge 
of  the  metal  film  by  means  of  the  edge  coupling  technique.  At 
the  corresponding  point  on  the  opposite  edge  of  the  metal  the 
SEW  produced  at  2  =  it  coupled  into  the  dielectric  and  was 
detected.  The  length,  a,  of  the  overlaver  region  probed  by  the 
beam  was  continuously  varied  by  translating  the  film  assembly 
in  the  plane  of  the  surface  but  perpendicular  to  the  beam 
direction . 

An  example  of  the  observed  transmission  versus  l  show¬ 
ing  interference  between  a  SEW  and  bulk  radiation  is  presented 
in  Figure  4.  Another  thickness  film  again  shewing  interference 
is  presented  in  Figure  5a  along  with  the  Fourier  transform  of 
the  interferogram  in  Figure  5b. 

The  effect  that  leads  to  the  SEW  interferometer,  namely  the 
substantial  coupling  of  the  SEW  to  bulk  radiation  at  discontinui¬ 
ties  can  be  used  to  advantage  for  interface  spectroscopy.  The 
bulk  radiation  generated  does  not  sample  the  metal  dielectric 
interface  whereas  the  SEW  does;  hence,  an  electric  current  at  the 
interface  only  influences  one  beam  of  this  double  beam  interfero¬ 
meter. 


(2)  Broad  Band  Surface  Wave  Spectroscopy 

In  previously  reported  work  SEW's  excited  by  coherent 
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radiation  from  infrared  lasers  have  been  propagated  across  metal 
and  dielectric  coated  metals  using  the  prism  coupler  shown  in 
Figure  6a.  This  two  prism  coupling  scheme  first  reported  by 
Otto  can  be  used  to  launch  and  recover  monochromatic  SE'.v's 
because  the  coupling  efficiency  is  largest  near  the  critical 
angle,  9  ,  defined  as 


where  n  is  the  frequency  dependent  index  of  refraction  of  the 
prism.  Since  both  the  critical  angle  and  the  optimal  gap 
spacing  between  the  prism,  and  the  metal  are  frequency  dependent 
then  for  a  given  alignment  of  the  incident  beam,  and  the  prism, 
efficient  coupling  can  be  achieved  only  for  a  narrow  band  of 
frequencies . 

Cur  newly  developed  polychromatic  coupling  geometry  is 
shown  in  Figure  6b.  Transverse  magnetic  radiation  >  TM }  polar¬ 
ized  in  the  plane  of  the  Figure  6b  is  incident  on  the  coupler  at 
a  fixed  angle  9  'in  the  neighborhood  of  Brewster's  angle:. 

It  enters  the  coupler  at  the  frequency  dependent  angle 


The  beam  is  internally  reflected  off  the  metal  film  at  point  a 
and  launches  SEW’s  at  the  edge  of  the  metal  film  at  point  b. 
The  angle  of  incidence  at  the  metal  edge  is 


Ml  »V)  wf-«  H* 


u_re  oa.  i  he  twc  prism  evanescent  wave  coupler  technicue  for  launch 
anc  recovering  monochromatic  SEV's  >  After  Otto;. 

— re  _.°d-  The _  edge  coupler  te  chnique  for  launching  and  recoverin 

^chromatic  SElv's.  The  dispersive  refraction  of  the  incident  bea 
ually^compensates  for  the  frequency  dependence  of  the  coupling  angle, 
he  reflection  at  "a"  causes  the  input  an*d  output  beams  to  be  parallel.; 


; )  in 
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sir 


si.no 


where  :  is  the  angle  between  the  parallelepiped  faces, 
pariscn  of  Equation  L  and  Equation  2  shows  that 


;m- 


•_  now  depend  similarly  on  frequency.  If  the  edge  coupler 

in  Figure  6b  is  aligned  for  optical  coupling  at  a  particular 


frequency,  then  it  will  also  necessarily  be  aligned  for  efficient 
coupling  over  a  broad  frequency  region  centered  around  that 


frequency . 

To  explore  the  sensitivity  of  the  SEW  technique,  Au  anc  Ag 
metal  films  were  thermally  evaporated  at  2  x  1C  0  torr  back¬ 
ground  pressure.  Next  without  breaking  the  vacuum  a  few 
mcncla>.rs  of  KReC,  were  evaporated  over  parts  of  the  metal 
films.  The  polychromatic  SEW  measurement  consisted  of  focusing 
a  pencil  of  radiation  from  a  N'ernst  glower  source  at  the  edge  of 


the  metal 

film 

1  *0 

be  studied. 

This 

beam,  which  is 
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slightly  divergent  beam  is  directec  into  a  stop  and  integrate 
Michelson  interferometer  and  then  focused  on  an  As:  Si  pnotoccr.- 
ductive  detector. 

The  spectrum  of  the  SEW  transmission  across  a  1.2  cm  gold 
film  is  shown  m  Figure  7a.  The  low  frequency  cutoff  at  7CG 
cm~l  is  due  to  bulk  absorption  in  the  KC1  coupler.  Increasing 
SEW  attenuation  and  diminishing  beam  splitter  and  detector 


k  i 
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efficiency  all  contribute  to  the  1800  cm  ^  high  frequency  cutoff. 

In  Figure  7b  the  spectrum  of  the  KReO^  covered  region  of  the 

_i 

same  gold  film  is  shown.  The  10%  deep  line  at  930  cm  *  is  due 

to  the  triply  degenerate  v„  mode  of  the  ReC.  molecule. 

o  ** 

This  is  the  first  time  that  broadband  generation  and 
spectroscopic  detection  of  infrared  surface  electromagnetic  waves 
have  been  carried  out.  By  replacing  the  KC1  beam  splitter  and 
coupler  with  KRS-5  the  lower  frequency  limit  can  be  extended 
from  700  down  to  200  cm"^.  By  traversing  shorter  metal  paths 
the  high  frequency  region  can  be  extended  above  1800  cm 

B.  A  New  Metal-Semiconductor  Composite  Material 

While  our  high  vacuum  multisource  evaporator  was  being 
assembled,  some  exploratory  infrared  studies  were  made  on  a  new 
class  of  semiconductor-metal  two  phase  systems. 

To  grow  a  two  phase  semiconductor  crystal,  one  starts  with 
a  eutectic  mixture  of  InSb-NiSb  headed  above  the  melting  point 

and  then  lowers  it  at  constant  velocity  (e.g.,  1  cm/hr)  through 

a  steep  temperature  gradient.  Because  of  this  crystal  growing 
technique,  the  alloy  is  constrained  to  undergo  a  transformation 
unidirecticnally  with  constant  velocity.  A  transverse  section  nor¬ 
mal  to  the  growth  axis  reveals  a  periodic  arrangement  of  NiSb 

rods  (1  micron  in  diameter)  in  an  InSb  matrix.  The  periodic 

growth  is  controlled  by  diffusion.  The  more  uniform  the  tempera¬ 


ture  gradient  the  more  perfect  the  periodic  arrays. 

The  d.c.  electrical  properties  of  the  two  phase  InSb-NiSb 


eutectic  are  to  a  large  extent  controlled  by  the  parallel  aligned 
metallic  NiSb  fibers  within  the  semiconducting  InSb  matrix. 
Qualitatively,  the  combination  of  the  two  materials  in  this  form 
results  in  a  medium  with  highly  anisotropic  electrical  properties. 

The  electrical  conductivity  is  large  in  the  direction  of  the  NiSb 
fibers  and  relatively  small  in  the  direction  orthogonal  to  the 
fibers.  Also,  due  to  the  NiSb  fibers,  this  eutectic  displays 
magneto-resistive  properties  even  more  dramatic  than  those  of 
pure  InSb.  Although  the  energy  band  structure  of  this  material 
has  not  yet  been  determined,  a  number  of  practical  devices  have 
already  appeared. 

In  our  investigation  a  series  of  infrared  measurements  have 
been  made  when  temperature,  sample  orientation  and  magnetic 
field  are  systematically  vaired  (Report  F).  For  the  most  part 
the  properties  of  the  eutectic  have  been  found  to  be  similar  but 
not  identical  to  those  of  P-type  InSb. 

One  interesting  effect  which  is  associated  directly  with  the 
NiSb  rods  is  a  shape  resonance  in  the  far  infrared  spectral  re¬ 
gion.  Electromagnetic  radiation  can  excite  the  odd  harmonics  of 
the  longitudinal  surface  plasmon  modes  of  these  rods  which  are 
about  1  micron  in  diameter  and  20  microns  long.  For  the  parti¬ 
cular  eutectic  studied  the  lowest  mode  is  at  60  cm-',  the  next  is 
at  180  cm*'  and  the  third  is  at  300  cm-'.  A  detailed  study  of 
these  resonances  for  both  current  and  noncurrent  carrying  con¬ 
figurations  should  enable  us  to  identify  spectral  features  asso¬ 
ciated  with  non-equilibrium  properties. 
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WH 1 .  Automatic  High-Precision  Determination  of  the  Optical 
Thickness  of  Thin  Films.  L.  M.  smithline  and  G.  j.  wolga. 
Lansing  Research  Corporation,  P.  O.  Box  7 30.  Ithaca.  NY  14850. — A 
new  instrument  has  been  designed,  constructed,  and  operated  for  the 
purpose  of  determining  the  optical  t  hickness  of  homogeneous  trans¬ 
parent  single-optical  films  on  plane  substrates.  Optical  thickness 
is  measured  by  determining  the  wave  number  of  reflected  or  trans¬ 
mitted  light  such  that  the  reflection  or  transmission  is  an  extremum 
together  with  the  order  of  interference.  The  device  is  capable  of 
"locking  on"  to  an  extremum  of  either  sense  automatically  and  in¬ 
terpreting  the  lock  condition  in  terms  of  optical  thickness.  Optical 
thickness  is  determined  with  a  precision  of  better  than  1  A.  and  the 
spectral  calibration  of  the  instrument  is  accurate  to  better  than  ±2 
cm'1.  The  instrument  is  capable  of  performing  the  control/monitor 
function  during  thin  film  deposition  and  can  be  designed  to  operate 
in  the  near  infrared  as  well  as  in  the  visible.  The  instrument's  per¬ 
formance  will  be  illustrated  by  data  obtained  from  measurements  on 
NlgF-  films  on  glass  and  sapphire  films  on  silicon.  1 13  min.) 

WH2.  New  Method  for  Determining  the  Optical  Parameters 
of  Fluorescent  or  Scattering  Thin  Films,  w.  LUKOSZ  and  R.  E. 
klnz.  Swiss  Federal  Institute  of  Technology,  ETH.  8093  Zurich, 
Switzerland. — We  have  determined  the  refractive  index  no  and  the 
thickness  do  of  fluorescing  thin  films  by  comparing  measured  and 
calculated  angular  intensity  distributions  of  the  s-  and  p -polarized 
fluorescent  light  originating  in  the  film.  For  evaporated  layers  of 
europium-chelate  EuBTF  we  obtained  n(>  »  1.37  at  X  =  612  nm.  and, 
e.g..  d0  =  30  nm.  We  found  the  fluorescence  at  this  wavelength  to  be 
emitted  in  electric-dipole  transitions,  the  dipole  moments  being 
randomly  oriented.  The  method  is  based  on  our  calculation  of  the 
radiation  patterns  of  electric  and  magnetic  dipoles  with  arbitrary 
orientation  embedded  in  the  film  <oi  which  is  assumed  to  be  sand¬ 
wiched  between  two  dielectric  media  of  refractive  indices  nt  and  rig, 
respectively.  Generalizing  results  for  dipoles  close  to  a  single  di¬ 
electric  interface,1  we  have  solved  the  electromagnetic  boundary  value 
problem  rigorously.  The  potential  and  the  limitations  of  the  method 
will  be  discussed,  also  the  use  of  Raman  or  Rayleigh  scattering  in  the 
film  instead  of  its  fluorescence.  (13  min.) 

■  W.  Lukosz,  "Light  emission  by  electric  and  magnetic  dipoles  close  to  a  di¬ 
electric  interface."  .1.  Opt.  Soc.  Am.  68,  1406  ( 1978). 

WHS.  Surface-Wave  Interferometer  for  the  Infrared  Region." 
7..  SCHLES1NGER.  A. .).  SIEVERS.  AND  R.  WARNER.  L.A.S.S.P..  Cornell 
Cnicerstty,  Ithaca.  .V  Y  14853 — We  have  studied  the  transmission 
of  9.2  to  10.8  pm  wavelength  surface  waves  across  Au  and  Ag  films 
which  are  partially  covered  by  thin  Ge  overlavers.  Although  the 
overlayer  thickness  d  is  much  less  than  the  wavelength  (d/X  <  0.05), 
strong  periodic  oscillations  are  observed  in  the  transmission  as  a 
function  of  the  overlayer  thickness  d,  the  overlaver  length  l.  and  the 
wavelength  X.  The  oscillations  are  produced  by  interference  between 
a  surface  wave  and  a  bulk  wave  both  of  which  are  coherently  launched 
at  one  edge  of  the  Ge  overlaver  and  then  recombined  to  interfere 
constructively  or  destructively  at  the  other  edge.  Using  this  beam¬ 
splitting  property  of  the  overlaver  edge,  a  new  type  of  surface-wave 
interferometer  has  been  constructed  in  which  l  is  varied  continuously. 
From  the  experimental  interferogram  the  effective  index  of  refraction 
and  absorption  coefficient  of  the  overlaver — metal  systems  are  ob¬ 
tained  simultaneously.  This  technique  measures  n  with  about  100 
times  the  precision  of  previously  used  techniques  such  as  attenuated 
total  reflection.  113  min.) 

*  Supported  by  Air  Force  Office  of  Scientific  Research  Contrect  No.  AFOSR- 
78-3684. 


WH4.  Color  Variations  of  AR  Coatings  Caused  by  a  Leached 
Substrate  Layer.  K.  H.  GUENTHER,  Thin  Film  Development  Dept., 
Balzers  AC.  Balzers,  Fuerstcntum.  FL9496  Liechtenstein. — Color 
differences  of  AR-coatea  prisms  were  found  to  be  due  to  a  surface 
layer  with  a  refractive  index  of  n  =  1.46  and  a  geometrical  thickness 
of  approximately  41  nm  on  the  glass  substrate  (BaK4.  n  =  1.5688). 
The  existence  of  such  a  layer  is  demonstrated  by  reflection  spec¬ 
troscopy  measurements  which  are  in  reasonable  agreement  with  nu¬ 
merical  calculations  of  the  spectral  reflectance  of  both  the  uncoated 
substrate  and  the  coated  one.  An  AES  depth  profiling  analysis  re¬ 
veals  the  layer  to  consist  of  pure  silica  (SiOj).  the  Ba  content  having 
been  leached  out  completely.  The  reason  for  the  formation  of  this 
leached  substrate  layer  was  an  improper  cleaning  treatment  of  the 
uncoated  prisms  in  the  optical  shop.  (13  min.) 

WH5.  Microdensitometry  Using  Backscattered  Electrons."  H. 

W  DECKMAN  AND  D  BLACK.’  Exxon  Research  and  Engineering 
Company,  P.O.  Box  8.  Linden,  NJ  07036. — We  have  demonstrated 
that  the  optical  density  of  film  (Kodak  HRP)  exposed  with  soft  x  rays 
can  be  measured  using  an  electron  beam  rather  than  light  to  inter¬ 
rogate  the  emulsion  layer.  For  soft-x-ray  exposures,  developed  grains 
are  located  near  the  surface  of  the  film  and  the  fraction  of  electrons 
backscattered  from  silver  in  the  emulsion  layer  is  an  accurate  measure 
of  optical  density.  Films  have  been  imaged  by  collecting  the  back- 
scattered  electron  fraction  in  both  scanning  and  transmission  electron 
microscopes  with  beam  voltages  of  25  and  40  kV,  respectively. 
Changing  incident  beam  voltage  affects  depth  of  electron  penetration 
into  the  emulsion  and  thus  the  information  content  of  the  backscat- 
tered  signal.  Lateral  spatial  resolution  of  this  imaging  technique  is 
determined  by  the  intensity  distribution  of  backscattered  electrons 
emerging  at  the  film  surface  and  is  estimated  to  be  better  than  0.5  am. 
To  correlate  optical  density  with  the  backscattered  electron  fraction, 
a  step-wedge  exposure  was  prepared  using  a  bremsstrahlung  x-ray 
source  obtained  from  a  W  target  operated  so  that  the  cutoff  in  the 
spectrum  was  3  A.  Specular  density  of  the  step-wedge  exposure  was 
measured  with  a  Joyce  Loebel  densitometer  and  compared  with  the 
Iraction  of  electrons  backscattered  from  each  region  of  the  wedge. 
Results  of  these  experiments  indicate  that  microdensitiometry  using 
backscattered  electrons  is  a  promising  technique  for  examining  film 
exposed  with  soft  x  rays.  (13  min.) 

'  This  work  was  partially  supported  by  Exxon  Research  and  Engineering 
Company.  General  Electric  Company.  Northeast  Utilities.  Empire  Stale  Electnc 
Energy  Research  Corporation,  and  New  York  State  Energy  Research  and  De¬ 
velopment  Administration. 

’  Eastman  Kodak  Company. 


WH6.  Normal  Incidence  Soft-X-Ray  Reflectors  for  Arbitrary 
Wavelengths  Using  a  Modified  Langmuir-Blodgett  Method. 

ALAN  E.  ROSENBLUTH  AND  J.  M  FORSYTH.  Institute  of  Optics  and 
Laboratory  for  Laser  Energetics.  University  of  Rochester,  Rochester, 
NY  1462 7. — X-ray  reflectors  operating  near  normal  incidence  must 
contain  a  large  number  of  (near)  quarter- wave  periods  due  to  the  weak 
interaction  of  x  rays  with  matter.  As  a  result,  the  production  of  such 
reflectors  using  conventional  layer  deposition  techniques  presents 
a  challenging  problem.1  For  wavelengths  in  the  100  A  regime,  the 
stringent  tolerances  involved  can  be  met  using  the  Langmuir-Blodgett 
technique,  in  which  successive  portions  of  a  monomoiecular  fattv-acid 
film  are  transferred  from  an  aqueous  to  a  solid  substrate.2  The 
technique  may  be  modified  in  an  effort  to  prod'  ;e  mirrors  tuned  to 
reflect  arbitrary  source  wavelengths.  One  such  modification  makes 
use  of  mirrors  in  which  different  layers  are  formed  from  different 
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Infrared  surface  wave  Interferometry 

Z.  Schlesinger  and  A.  J.  Sievers 

Laboratory  of  A  lomic  and  Solid  State  Physics  and  Materials  Science  Center,  Cornell  University.  Ithaca.  New 
York  14853 

(Received  21  November  1979;  accepted  for  publication  7  January  1980) 

An  interference  phenomena  is  described  which  involves  infrared  surface  electromagnetic  waves 
on  coated  metals.  The  interference  is  demonstrated  with  a  two-beam  surface  wave  interferometer 
of  variable  path  length  which  utilizes  the  strong  coupling  between  surface  and  bulk 
electromagnetic  waves  at  coating  edges. 

PACS  numbers:  42.10.Jd,  07.60.Ly 

Infrared  surface  electromagnetic  waves  (SEW’s)  on  arm  and  the  bulk  waves  the  other.  The  observed  interfero- 
metal  surfaces  have  an  inherent  high  sensitivity  to  surface  grams  and  their.  Fourier  transforms  are  in  good  agreement 
coatings. u3  A  variety  of  infrared  (IR)  SEW  transmission  with  model  predictions. 

studies  have  been  reported  in  the  literature. :_®  In  this  letter  Below  the  surface  plasmon  cutoff  frequency  a>p/ 

we  describe  an  interference  phenomena  which  can  occur  on  ( 1  -1-  eD)''‘  the  interface  between  the  semi-infinite  half 
coated  metal  surfaces  owing  to  the  tendency  of  a  SEW  to  spaces  of  metal  (plasma  frequency  a>p)  and  dielectric  (dielec- 

radiate  when  the  nature  of  the  surface  supporting  it  changes.  trie  constant  eD)  supports  a  single  bound  TM  mode.  The 

We  demonstrate  this  effect  with  a  two-beam  interferometer  dispersion  relation  for  this  SEW  mode  is9 
of  variable  path  length  in  which  the  SEW’s  comprise  one  —  im  /5  =  eD/fi ,  (1) 
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FIG.  I.  Optical  constants  of  SEW  modes  for  dielectric  coated  metal  sur¬ 
faces:  (a)  range  r, .  (b)  effective  index  of  refraction  n(,  and  (c)  absorption 
coefficient  a,  of  the  bound  mode  j  are  shown  as  a  function  of  overlayer 
thickness  d  for  a  fixed  IR  frequency  u.  The  wavelength  of  a  given  mode  is  a, 
=  /.  /n. ,  where  A  is  ihe  free-space  w  avelength.  The  horizontal  arrows  in  (b) 
indicate  the  fi'm  thickness  for  which  the  interference  effect  should  be  large. 
The  numerical  values  are  for  Ge-coated  Au  at  a  I0.6-|J  wavelength. 


where  im  is  the  complex  frequency-dependent  dielectric 


function  of  the  metal, 

<5=  [A?  -(a):/c‘)en,],,x 

(2) 

and 

P=  [A  it  -  (co2/c-)€D]u2  . 

(3) 

In  Eq.  (2)  and  (3),  A,,  is  the  component  of  the  complex  propa¬ 
gation  vector  parallel  to  the  interface.  a>  is  the  SEW  frequen¬ 
cy,  and  c  is  the  speed  of  light.  The  SEW  propagates  along  the 
interface  and  its  field  amplitudes  decay  exponentially  with 
distance  away  from  the  interface  with  decay  constants  Re<5 
in  the  metal  and  Re/?  in  the  dielectric. 

There  may  be  several  such  modes  for  a  metal  surface 
covered  with  a  dielectric  overlayer  of  thickness  d  whose  dis¬ 
persion  relations  may  be  obtained  from  the  eigenvalue 
equation10 

tanh(  &d )  =  -  eDP  (em  y  +  S  )/(em4 :  4-  yS ) ,  W 

where  y  =  [A**  -  (<u:/c:)]'/J  and  the/?  and  <5  are  again  de¬ 
fined  by  Eq.  (2)  and  (3).  For  a  given  IR  frequency  and  over¬ 
layer  thickness  d ,  Eq.  (4)  has  M  -f  1  discrete  solutions  where 
M  is  the  largest  integer  less  than  2 /A  and  A  is  the 
free-space  wavelength.  Each  of  these  solutions  corresponds 
to  a  bound  mode  of  the  metal-overlayer-air  configuration.  A 
given  mode  is  characterized  by  its  complex  refractive  index: 

=  (c/u)^  ,  (5) 

where  0 <J<M.  For  a  given  IR  frequency  the  real  and  imagi¬ 
nary  parts  of  the  refractive  index  of  these  modes  as  a  function 
of  overlayer  thickness  are  illustrated  in  Fig.  1.  In  Fig.  1(b)  is 


shown  the  real  part  n,  =  Re(.V  ),  which  varies  monotonical- 
Iv  from  just  above  the  value  for  vacuum  to  approximately 
that  of  the  dielectric  overlayer  itself,  while  in  Fig.  1(c)  is 
shown  the  absorption  coefficient  of  the yth  mode. 

a,  =  (4 r/A  )Im(iV, ) , 

which  is  sharply  peaked  at  (eD)'‘2d / A  =  *(2 j  —  1). 

Also  shown  in  the  top  of  Fig.  1  is  the  mode  range  r  . 
which  characterizes  the  spatial  extent  of  the  intensity  profile 
of  the  yth  mode  above  the  metal  surface.  This  quantity,  de¬ 
fined  in  terms  of  the  first  moment  of  the  intensity  profile,  is 


where  the  metal  occupies  the  half  space  x  <  0  and  the  vacu¬ 
um  x  >  d  and  where  e(x)  is  a  step  function  which  takes  the 
values  of  the  dielectric  constants  in  each  medium.  The  in¬ 
verse  range  r~ 1  can  be  interpreted  physically  as  a  measure  of 
the  boundness  of  the  yth  mode.  At  each  mode  turn  on 
[(fD),/:d  /A  =  ly]  rj  is  quite  large,  as  shown  in  Fig.  1(a),  but 
it  decreases  rapidly  with  increasing  d  to  a  value  on  the  order 
of  the  overlayer  thickness  d.  This  precipitous  change  of  r,  in 
a  region  of  overlayer  thickness  where  n]  —  1  and  a;  are 
small,  can  produce  a  novel  interference  phenomena  unique 
to  inhomogeneous  propagating  waves. 

To  illustrate  the  interference  phenomena,  we  consider  a 
metal  surface  which  is  partially  covered  with  a  thin  dielectric 
overlayer  [(ey,)l/::d//t  <  j],  as  illustrated  in  Fig.  2(a).  For  a 
given  IR  frequency,  both  the  normal  electromagnetic  modes 
of  the  metal- vacuum  region  at  z  <  0  and  the  metal-overlayer- 
air  region  at  /  J>z>  0  consist  of  one  bound  mode  and  a  contin¬ 
uum  of  bulk  modes.  The  propagation  of  radiation  across  a 
step  discontinuity  in  the  overlayer  thickness  can  be  viewed  in 
terms  of  the  coupling  of  the  normal  modes  on  one  side  to  the 
normal  modes  on  the  other. 

In  particular,  consider  a  SEW  on  the  bare  metal,  z  <  0, 
traveling  toward  the  step  discontinuity  in  Fig.  2.  Since  the 
discontinuity  is  small,  reflection  and  refraction  are  small. 


dielectric 

overlayer 


(a) 


metal  j 

i  I 

KC  1 

,/ce ! 

1 

(b) 

FIG.  Z.  (a)  Coordinate  system  for  dielectric  layer  on  a  metal  surface,  (b)  Top 
view  of  ihe  surface  wave  interferometer  Both  the  metal  and  the  Ge  over¬ 
layer  are  evaporated  onto  the  KCI  coupler.  The  incident  surface  wave  prop¬ 
agates  from  left  to  rtght.  To  change  the  Ge  overiayer  path  length,  the  entire 
assembly  is  translated  towards  the  top  or  bottom  of  the  figure.  For  the  thin 
overlayer  films  descnbed  in  the  text  both  reflection  and  refraction  of  waves 
at  the  overlayer  boundary  can  be  ignored. 
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FIG.  3.  (a)  Transmission  of  a  Ge-coated  silver  film  vs  optical  path.  The  Ge 
coating  :s  d  =  0.2  /a  thick  and  the  laser  frequency  is  975  cm'1,  (b)  Fourier 
transform  of  the  interferogram  in  (a) 


One  might  expect  the  incident  SEW  to  couple  predominant¬ 
ly  to  the  SEW  of  the  coated  region  since  both  are  bound 
modes;  however.  Maxwell's  equations  require  that  the  tan¬ 
gential  E  and  H  fields  be  continuous  across  z  =  0  at  all 
heights  x  above  the  surface.  Even  for  fairly  thin  overlayers 
{{€D)',ld  /X  £0.005]  the  range  of  the  SEW  above  the  coated 
metal  surface  is  much  less  than  that  of  the  SEW  above  the 
bare  metal.  The  boundary  conditions  (at  z  =  0)  can  be  satis¬ 
fied  only  if  the  incident  SEW  produces  unbound  bulk  radi¬ 
ation  in  addition  to  the  transmitted  SEW.  For  thicker  over¬ 
layers  [( €D)''-d  //.  >  J]  the  coated-metal  SEW  is  so  com¬ 
pressed  that  the  incident  bare-metal  SEW  cannot  couple  to  it 
and  almost  all  of  the  incident  intensity  is  converted  to  bulk 
radiation.  For  thicknesses  such  that  0.005<(eD)l/:d  //. 
the  incident  SEW  launches  both  bulk  and  SEW  radiation. 
This  bulk  radiation  is  produced  in  the  form  of  a  packet  trav¬ 
eling  in  the  -j-  z  direction  and  spreading  slowly  in  the  x  di¬ 
rection."  The  SEW  travels  along  the  coated  surface  with  a 
phase  velocity  c/n0,  while  the  phase  velocity  of  the  bulk  wave 
packet  which  travels  above  the  overlayer  is  c.  At  the  far  edge 
of  the  overlayer,  z  =  /,  the  SEW  and  bulk  wave  packet  both 
contribute  to  the  transmission  of  a  bare-metal  SEW,  howev¬ 
er.  these  two  contributions  will  in  general  no  longer  be  in 
phase.  The  total  intensity  of  the  resultant  SEW  launched  at 
z  =  I  can  be  written 

/(/)  =  /*«(/)  +  /,(/) 

+2  [/Sew (O-MO ],/2  cos[(<u/c)(n0  -  1)/  ]  .  <’) 


where  /SEU  (/)  and  IB(1)  are  the  component  intensities. i:  A 
bulk  wave  packet  is  also  launched  at  z  =  /  with  an  interfer-  „ 
ence  term  complementary  to  that  of  thez>/  SEW.  The  first 
two  terms  in  Eq.  (7)  decrease  monotonically  with  increasing 
overlayer  length  /; 

/SEw (/)»<?-“■',  /,(/)«  l/l. 

From  the  third  term  in  Eq.  (7),  the  spatial  period  of  the 
interference  is 

AI  =  A./(n0-\).  (8) 

Because  rt0  —  1  is  small,  large  interference  periods  will  be 
produced  by  relatively  short-wavelength  radiation  (e.g., 

Al  =  3  mm  at  /.  =  10  fi). 

To  test  these  conclusions,  evaporated  Ag  and  Au  films 
were  deposited  on  KC1  couplers. 13  Over  part  of  these  rectan¬ 
gularly  shaped  films  thin  Ge  overlayers  of  a  triangular  shape 
were  then  deposited,  as  shown  in  Fig.  2(b).  Both  the  metal 
and  Ge  film  evaporations  were  carried  out  at  a  pressure  of 
4x  10'6  torr.  The  vacuum  was  not  broken  between 
evaporations. 

The  SEW  was  launched  from  a  CO:  laser  beam  at  one 
edge  of  the  metal  film  by  means  of  the  edge  coupling  tech¬ 
nique.  14  At  the  corresponding  point  on  the  opposite  edge  of 
tiie  metai  the  SEW  produced  at  z  =  /  coupled  into  the  dielec¬ 
tric  and  was  detected.  The  length  /  of  the  overlayer  region 
probed  by  the  beam  was  continuously  varied  by  translating 
the  film  assembly  in  the  plane  of  the  surface  but  perpendicu¬ 
lar  to  the  beam  direction.  The  transmission  was  measured  as 
a  function  of  /  for  fixed  overlayer  thicknesses  d  and  CO,  laser 
frequency  <u. 

An  example  of  the  observed  transmission  vs  /  showing 
interference  between  ay  =  0  SEW  and  bulk  radiation  is  pre¬ 
sented  in  Fig.  3(a)  along  with  the  Fourier  transform  of  the 
interferogram  in  Fig.  3(b).  Values  of  the  interference  period 
A  l  are  obtained  either  from  the  separation  of  the  local  maxi¬ 
ma  of  the  interferogram  [Fig.  3(a)]  or  from  the  position  of 
the  peak  in  its  Fourier  transform  [Fig.  3(b)].  Figure  4  shows 


950  1000  1050 


Frequency  (cm-1) 

FIG  4  Spatial  period  of  interference  vs  laser  frequenci  The  circles  and 
triangles  are  the  measured  values  of  the  interference  period  J /  for  two  dif¬ 
ferent  samples.  The  solid  lines  are  calculated  values  of  J/  for  overlaver 
thicknesses  0.203  and  0.243.  respectively. 
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a  fit  of  J/  (w\d )  to  the  observed  J /  for  two  films  at  four  differ¬ 
ent  frequencies  using  a  as  an  adjustable  parameter  for  each 
film.  The  period  J l(co:d  )  is  obtained  from  Eq.  (8)  with 
n„((j:d )  obtained  from  Eq.  (4)  using  e0  =  16  and  a  Drude 
model15  for  .  The  values  of  the  Ge  overlayer  thickness 
thus  obtained  agree  with  measurements  of  the  mechanical 
thickness  as  measured  with  a  diamond  stylus.16 

In  conclusion,  we  have  described  and  demonstrated  in¬ 
terference  between  the  j  —  0  SEW  and  bulk  radiation.  Inter¬ 
ference  between  the  next  few  higher-order  SEW’s  and  bulk 
waves  can  occur  in  a  similar  manner.  The  effect  that  leads  to 
the  SEW  interferometer,  namely,  the  substantial  coupling  of 
the  inhomogeneous  (bound)  SEW  to  homogeneous  (un¬ 
bound)  radiation  can  occur  whenever  the  nature  of  the  inter¬ 
face  supporting  a  weakly  bound  SEW  changes. 

The  authors  wish  to  acknowledge  useful  conversations 
with  R.  Warner,  Y.  Chabal,  and  R.H.  Silsbee.  This  work  was 
supported  by  AFOSR  under  Grant  No.  AFSOR-76-3684. 
Additional  support  was  received  from  the  National  Science 
Foundation  under  Grant  No.  DMR-76-81083  A02  to  the 
Cornell  Materials  Science  Center.  This  is  Materials  Science 
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self-consistent  vector  potential  which  ia  used  in  the 
photon-electron  transition  matrix  elements.  Calcula¬ 
tions  are  done  for  the  frequency  dependence  of  the  mag¬ 
nitude  of  the  cross  section.  Typical  cross  sections  are 
of  the  order  of  10“2'cm~  for  the  frequency  of  the  in¬ 
coming  light  in  the  vicinity  of  one-half  the  plasma  fre¬ 
quency.  This  is  still  somewhat  smaller  than  the  experi¬ 
mentally  observed  cross  section  and  it  is  believed  that 
additional  enhancement  arises  when  the  metal  surface  is 
rough. 

♦Supported  by  USDOE-contract  No.  AK-0 1-02-02 -3. 

NC  11  Surface  Enhanced  Raman  Scattering:  Angle 
Resolved  Scattering  and  Substrate  Dependence.  T.E. 
FURTAK,  G.R.  TROTT,  and  B.H.  LOO,  Ames  Lab.-USDOE*  and 
Dept,  of  Physics- t  Iova  State  Univ.,  Ames,  IA  50011 — The 
effects  of  independent  variation  of  the  incident  angle, 
collection  angle,  and  polarization  of  the  incident  and 
scattered  radiation  on  the  intensity  of  the  Raman  effect 
from  cyanide  adsorbed  on  silver  are  reported.  The 
dependence  of  the  anomalous  enhancement  on  the  nature  of 
the  substrate  has  also  been  investigated.  Results  are 
discussed  for  cyanide  on  alloys  of  silver  with  palladium, 
on  copper,  and  on  gold.  These  data  are  evaluated  in 
terma  of  the  role  of  surface  plasmons  and  damping  in  the 
metal. 

♦Supported  by  USDOE-contract  No.  AX-01-02-02-  . 

NC  12 

Enhanced  Raman  Scattering  In  Multi-laver  Film 
Structures.  D.  L.  ALLARA,  M.  RHINEWINE,  C.  A.  MURRAY, 
Sell  Laboratories.  We  have  studied  srxface  enhanced 
Raman  scattering  from  organic  molecules  Incorporated  in¬ 
to  structures  consisting  of  two  basic  geometries: 

1.  CaF2/Al  (oxide  covered) /organic  scat terer /organic 
spacer/Ag;  (reference  1) 

2.  A1  (oxide  covered) /organic  scat terer /organic  spacer 
/CaF2/Ag 

We  study  the  Raman  intensity  both  as  a  function  of 
scatterer  and  spacer  thickness,  calibrated  with  IR  ab¬ 
sorption  and  elllpsometry.  Whan  no  spacers  ara  present 
we  find  samples  of  ty^e  2  give  comparable  enhancements 
in  cross  section  ("10*)  to  those  of  type  1,  indicating 
that  actual  contact  with  Ag  is  unnecessary.  Spacer  ex¬ 
periments  indicate  that  the  enhancement  of  Raman  cross 
sections  decays  slowly  for  distances  of  the  ecatterer 
from  the  silver  of  up  to  hundreds  of  Angstroms. 

^  Taang,  Klrtley  and  3radlev,  Phys.  Rev.  Letters  43, 

772  (1979) 

NC  13  Comparison  of  SERS  Spectra  and  Voltammograas 
for  CN^Adsorbed  on  Ag  and  Cu  Electrooca."  R.E.  BENNER,* 
K.U.  VON  RABEN,  R.K.  CHANG,  Yale  U..  and  B.L.  LAUBE, 
United  Technologies  Research  Center— Using  an  optical 
multichannel  analyzer,  surface  enhanced  Raman  spectra 
(SERS)  from  CN~ complexes  adsorbed  on  Cu  end  Ag  working 
electrodes  have  been  detected  et  a  rate  of  approximate¬ 
ly  one/ sec  during  an  oxidation /reduct ion  cycle  recorded 
by  cyclic  voltammetry.  With  314.5  am  excitation,  SERS 
from  the  Ag  electrode  is  Intense  and  reveala  a  dissolu¬ 
tion  and  diffusion  rate  dependent  sequence  of  peaks  cor¬ 
responding  to  AgCN,  Ag(CN) 2,  and  Ag(CN)",  while  that 
from  Cu  is  extremely  weak  with  a  peak  cantered  neer 
Av  •  2100  cm-*  Juat  discernible  above  e  potential  depen¬ 
dant  broad  background.  Indicating  that  dieperelon  in 
the  dielectric  conatant  of  the  working  electrode  la  a 
key  parameter,  SERS  from  Cu  with  600  am  excitation  be¬ 


comes  comparable  in  intenalty  to  that  from  Ag.  Consis¬ 
tent  with  the  measured  volt sonograms,  s  sequence  of 
peaks  from  various  Cu-CN” complexes  is  observed.  Com¬ 
parison  of  the  two  sets  of  results  supports  a  model  for 
SERS  based  on  electron-hole  pair  excitation  in  conjunc¬ 
tion  with  the  formation  of  an  adsorbed  temporary-nega¬ 
tive  molecular  ion  complex. 

♦Supported  by  0NR  Contract  No.  N00014-76-C-0643. 

Present  address:  Sandla  Laboratories,  Livermore,  CA. 

NC  14  Placemen:  of  Infrared  Absorption  from  Molecular 

Monolayers  with  Thin  Metal  QverUverv  A.  Hamtaia.  i.  R.  Kinky  and 
J.  C.  Tseng.  £BM  -  T.  1  Watson  Research  Center—  The  infrared  absorp¬ 
tion  due  to  molecular  monolayers  of  organic  adds  (4-nitrobenzoic  add. 
benzoic  add,  and  4-pyradine-COOH)  has  been  measured  using  the  frus¬ 
trated  total  internal  reflection  technique.  Enhancements  of  the  absorption 
have  been  observed  due'  to  the  number  of  multiple  total  internal  reflec¬ 
tions.  the  presence  of  metal  cperlayer*  (Ag  and  An)  lass  than  100  A  thick, 
and  the  angle  of  the  incident  radiation.  A  maxii. enhancement  of  does 
to  10*  over  the  absorption  from  a  single  tiascniistM  ttaiigh  a  monolayer 
has  been  obtained  doe  to  a  combination  of  all  of  the  above  effects.  This 
enhancement  does  not  appear  to  be  either  metal  dependent  or  molecule 
specific. 


NC  15  Broad-Band  Surface  Elcctnxnagnetic  Wave  Propaga¬ 
tion  on  Metal  Surfaces. ♦  Z.  SCHLESINGER.  Y.J.  CHABAL'  . 
and  A. J.  S LEVERS . --We  have  studied  the  propagation  of 
broad-band  surface  electromagnetic  waves  (SEW* a)  on  Ag. 
SEW's  in  the  frequency  renge  500  cm”*  to  2500  cm**  (60 
to  300  meV)  have  been  transmitted  across  e  1.2  cm  long 
evaporated  Ag  film.  The  SEW's  were  excited  by  infrared 
radiation  from  an  Incoherent  (Nerxst  Glower)  source.  An 
edge  coupler (*),  incorporated  into  a  new  geometry  which 
permits  the  simultaneous  excitation  of  SEW's  over  s 
broad  bend  of  frequencies,  was  used  to  launch  and 
recover  the  surface  wevea.  The  respective  frequency 
dependencies  of  the  coupling  angle  end  the  refractive 
angle  at  which  the  beem  enters  and  leaves  the  coupler 
tend  to  cancel  in  thia  dispersion  co^iensating  geomstry. 

A  signal  to  noiae  ratio  of  30  to  1  in  a  1  Ha  bandwidth 
has  bean  obtained. 

♦This  work  supported  by  AP0SR. 

t Present  address:  Bell  Telephone  Labs,  Murray  Hill,  NJ 
(1)  Y.J.  Qiabal  and  A.J.  Slavers,  Appl.  Rays.  Letters 
32,  90  (1978). 


NC  16  Infrared  study  of  the  WQOO)  :H(lxl)  system  by  + 
Surface  Electromagnetic  Wave  Spectroscopy*.  Y.J.  CHABAL 
and  A.J.  S2EVERS,  Cornell  U.  —We  report  the  first  high 
resolution  Infrared  observation  of  the  v.  vibrational 
mode  of  hydrogen  chemisorbed  on  U(100)  ef  saturation  cov¬ 
erage.  A  surface  electromagnetic  wave  (SEW)  coupling 
configuration  haa  been  developed  which  is  UHV  compatible. 
We  find  an  order  of  magnitude  Increase  in  surface  sensi¬ 
tivity  over  that  obtained  from  reflection  spectroscopy. 

At  room  temperature  the  center  frequency  of  the  observed 
v  band  la  in  good  agreement  with  the  frequency  reported 
by  electron  Energy  Loss  Spectroscopy  (ELS) '  but  the 
SEW  line  width  la  almost  an  order  of  magnitude  smaller 
than  the  reaolved  line  reported  by  ELS^'  •  The  apparent 
contradiction  la  resolved  by  invoking  strong  coupling  be¬ 
tween  the  v1  mode  end  the  V  surface  phonons.  The  high 
resolution  f'V  technique  measures  the  zero  surface  phonon 
v  line  but  the  low  resolution  ELS  technique  cannot  sep¬ 
arate  the  zero  phonon  line  from  the  one  phonon  sidebands 
end  measures  both  contributions. 

♦Supported  by  the  Cornell  Materials  Science  Cmiter 
♦Present  address:  Bell  Telephone  Labs,  Murray  Hill 
(1)  A.  Adnot  and  J.D.  Carette,  Phys.  Rev.  Lett.  3J?,  209 
(77). 


1  SESSION  NO:  SYMPOSIUM  OF  THE  DIVISION  OF  ELECTRON  AND  ATOMIC  PHYSICS:  CHEMICAL  EFFECTS  IN  ION-ATOM  COLLISIONS 
Friday  aftwnoon,  28  Mwch  1980;  Sutton  BMIroom  Cwior  it  2:00  P.M.;  S.  She  froth,  presiding 

ND  1  Stereochemical  Structure,  of  Molecular  Ion.  Determined  Through  "Coulomb  Explosion"  Techniques  with  Fast  (MeV) 

Molecular-Ion  Beam,.*  D.S.  GEMMELL,  Arfonnt  National  Laboratory.  Arjonne.  Illinois.  (30  nun.) 
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INTERFEROMETRIC  WAVELENGTH  MEASUREMENT  OF  INFRARED  SURFACE  WAVES 

Z.  Schlesinger  and  A.  J.  Sievers 
Laboratory  of  Atomic  and  Solid  State  Physics 
Ithaca,  N.  Y.  14853 


We  have  developed  an  interferometric  technique  for  accurately  measuring 
the  wavelength  of  surface  electromagnetic  waves  (SEW's)  on  coated  metal 
surfaces.  A  variable  pathlength,  two-beam  interferometer  is  employed 
in  which  the  beam  separation  and  interference  take  place  entirely  on 
the  coated  surface.  The  SEW's  comprise  one  arm  of  the  interferometer 
and  bulk  waves  traveling  just  above  the  surface  the  other.  The  observ¬ 
ed  inter ferograms  are  in  good  agreement  with  model  predictions. 


Consider  the  propagation  of  a  SEW  across  a  partially  coated  surface 
such  that  the  coated  region  occupies  an  intermediate  section  of  the  SEW 
path.  The  interference  phenomenon  involves  the  inhomogeneous  nature  of 
the  SEW  in  an  essential  way.  The  field  amplitudes  of  a  SEW  decay  expo¬ 
nentially  with  distance  away  from  the  surface.  This  distance  is  very 
sensitive  to  small  changes  in  the  SEW  wavelength  which,  in  turn,  depends 
on  the  state  of  the  surface.  For  example,  at  the  free  space  wavelength 
XQ  *  10  microns,  the  SEW  on  a  bare  gold  surface  has  a  wavelength  Xg  = 
9.999  microns  and  extends  60  microns  in  the  air  above  the  surface, 
while  the  SEW  on  a  gold  surface  with  a  0.05  micron  Ge  overlayer  has  a 
wavelength  Xg  -  9.992  microns  and  extends  only  20  microns  above  the  sur¬ 
face.  This  discrepancy  in  the  SEW  extent  makes  it  impossible  for  the 
bound  SEW  to  maintain  its  integrity  when  it  traverses  a  boundary  between 
coated  and  uncoated  regions  of  surface.  Specifically  the  electromag¬ 
netic  boundary  conditions  require  that  the  tangential  E  and  H  fields  be 
continuous  at  the  boundary  between  the  coated  and  uncoated  regions  at 
all  heights  above  the  interface.  When  the  SEW  is  incident  at  the  first 
coating  edge  this  condition  can  be  satisfied  only  if  bulk  (unbound)  ra¬ 
diation  is  produced  in  transmission  in  addition  to  the  transmitted 
(bound)  SEW.  At  the  far  edge  of  the  over  layer  the  SEW  and  bulk  wave 
packet  both  contribute  to  the  transmission  of  a  bare  metal  SEW;  how¬ 
ever,  these  two  contributions  will  in  general  no  longer  be  in  phase. 

The  total  intensity  of  the  resultant  SEW  is 


x<i)  -  +  hu)  +  Hisew^)ib(x>C0S[x;(i;  ■  x)x]  (1) 

where  ISEW(l)  and  1^(1)  are  the  component  intensities  and  l  is  the 
length  of  the  coated  region  across  which  the  beam  travels.  From  the 
third  term  in  Equation  (1),  the  spatial  period  of  the  interference  is 
X 
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Because  ^0AS  -  1  is  small,  large  interference  periods  will  be  prod¬ 
uced  by  relatively  short  wavelength  radiation  (e.g.  ££  —  3  mm  at  a.  — 

10H) . 

To  test  these  conclusions,  evaporated  Ag  and  Au  films  were  deposited  on 
KC1  couplers. (1)  Over  part  of  these  rectangularly  shaped  films  thin  Ge 
overlayers  of  a  triangular  shape  were  then  deposited.  Both  the  metal 
and  Ge  film  evaporations  were  carried  out  at  a  pressure  of  4  x  10“6 
torr.  The  SEW  was  launched  from  a  CC9  laser  beam  at  one  edge  of  the 
metal  film  by  means  of  the  edge  coupling  technique. The  length,  £, 
of  the  over layer  region  probed  by  the  beam  was  continuously  varied  by 
translating  the  film  assembly  in  the  plane  of  the  surface  but  perpen¬ 
dicular  to  the  beam  direction.  The  transmission  was  measured  as  a 
function  of  £  for  fixed  over layer  thicknesses,  d,  and  CO2  laser  wave¬ 
length,  ^o. 

Ge  over  layers  ranging  in  thickness  from  Q.lu  ^  d  s  0.7u  were  studied  in 
this  manner  in  the  range  9.2U  ^  Xq  ^  10. 8U.  In  each  case  the  observed 
transmission  characteristics  and  interference  period  were  in  agreement 
with  model  predictions. 

In  conclusion  the  SEW  interferometer  provides  a  unique  method  for  study¬ 
ing  thin  films  on  metal  surfaces.  Not  only  is  the  attenuation  of  the 
SEW  obtained  but  also,  of  equal  spectroscopic  significance,  the  wave¬ 
length  of  the  SEW  is  measured,  an  undetermined  quantity  in  ordinary 
transmission  measurements. 
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Broadband  generation  and  spectroscopic  detection  of  infrared  surface  electromagnetic  waves 
iSEW’sl  are  reported  from  600  to  1800  cm"1  Ecu  KReCU  coated  metal  samples  a  sharp  absorp¬ 
tion  line  near  1000  cm"'  is  used  to  compare  the  SE^  and  surface  reflection  spectroscopy 
(SRS)  techniques.  The  integrated  optical  density  o!  the  absorption  line  is  an  order  of  magnitude 
larger  with  SEW  spectroscopy  than  with  SRS. 


In  this  letter  the  first  study  of  the  propagation  of  surface  electromagnetic  waves 
(SEW’s)  excited  by  an  incoherent  source  is  reported.  An  edge  coupler  [1  ]  incorpo¬ 
rated  into  a  dispersion  compensating  geometry  which  permits  the  simultaneous 
excitation  of  SEW’s  over  a  broad  band  of  infrared  frequencies  has  been  developed 
and  used  to  launch  and  recover  the  SEW’s.  A  model  system  with  an  absorption  line 
at  930  cm"1  has  been  studied  using  both  SEW  transmission  spectroscopy  and  sur¬ 
face  reflection  spectroscopy  (SRS).  The  measured  optical  density  is  an  order  of 
magnitude  larger  with  SEW  spectroscopy  than  with  SRS. 

Infrared  surface  electromagnetic  waves  are  bound  TM  modes  that  exist  at  metal 
surfaces  [2].  They  propagate  along  the  surface  with  a  phase  velocity  less  than,  but 
close  to,  the  speed  of  light  and  have  field  amplitudes  which  are  maximal  at  the  sur¬ 
face  and  decay  exponentially  with  distance  away  from  it.  On  good  conductors, 
infrared  SEW’s  propagate  for  distances  many  times  their  wavelength  and  can  be 
used  to  probe  the  optical  properties  of  surfaces  [3,4).  In  previously  reported  work. 
SEW’s  excited  at  a  single  frequency  or  several  discrete  frequencies  by  coherent 
radiation  from  infrared  lasers  have  been  used  to  study  bare  metal  surfaces  [5 — S] . 
metal  surfaces  with  thin  overlayers  (8—11]  and  molecules  adsorbed  on  metal  sur¬ 
faces  [10—12],  In  the  past  spectroscopic  studies  with  thermal  sources  have  not 
been  possible  with  the  SEW  transmission  technique  because  of  insufficient  energy 
throughput. 

The  standard  two  prism  coupling  configuration  for  launching  and  recovering 
monochromatic  SEW’s  [5—8,10]  is  shown  in  fig.  la.  Monochromatic  radiation  im¬ 
pinges  on  the  bottom  face  of  the  first  prism,  producing  an  evanescent  wave  which 
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b) 


coupling  technique  for  launching  and  recovering  monochromatic  SEW’s:  fb)  The  edge  coupling 
technique  for  launching  and  recovering  polychromatic  SEW’s.  The  dispersive  refraction  of  the 
incident  beam  partially  compensates  for  the  frequency  dependence  of  the  coupling  angle.  For 
KBr  (n~  1.50)  9C  ~  42°,  80  *  56°  and  o  =  86. 

excites  SEW’s  on  the  metal  surface.  The  coupling  efficiency  is  virtually  zero  except 
at  the  critical  angle,  6^V),  defined  as 

=  sin"1  [l//i(P)]  ,  (1) 

where  V=  1/X  and  n(V)  is  the  frequency  dependent  index  of  refraction  of  the  prism. 
Both  the  critical  angle  and  the  optimal  gap  spacing  between  the  prism  and  the  metal 
are  frequency  dependent.  Thus,  for  a  given  alignment  of  the  incident  beam  and  the 
prism,  coupling  can  be  achieved  only  in  a  narrow  band  of  frequencies. 

The  polychromatic  coupling  geometry  used  in  our  experiments  is  shown  in  fig. 
lb.  Transverse  magnetic  radiation  (TM)  polarized  in  the  plane  of  fig.  lb.  is  incident 
on  the  coupler  at  a  fixed  angle.  S0  (in  the  neighborhood  of  Brewster's  angle).  It 
enters  the  coupler  at  the  frequency  dependent  angle, 

6,  (P)  =  sin  [(sin  da )/«(?)]  .  ( - 1 

The  beam  is  internally  reflected  by  a  metal  film  at  point  a  and  launches  SEW’ s  at 
the  edge  of  a  second  metal  film  at  point  b  [1].  The  angle  of  incidence  at  the  metal 
edge  is 

0:(?)  =  0  +  sin"1  [(sin  B0)ln{y)]  , 

where  0  is  the  angle  between  the  parallelepiped  faces.  A  comparison  of  eqs.  (3)  and 
(1)  shows  that  0,  and  dc  now  depend  similarly  on  frequency.  If  this  edge  coupler  is 
aligned  for  optical  coupling  at  a  particular  frequency,  then  it  will  also  necessarily  be 
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aligned  for  efficient  coupling  over  a  broad  spectral  region  centered  at  that  fre¬ 
quency  . 

To  explore  the  sensitivity  of  the  SEW  technique,  optically  thick  Au  and  Ag 
metal  films  were  thermally  evaporated  onto  KBr  couplers  at  1  X  IQ'7  Torr  back¬ 
ground  pressure.  Next,  without  breaking  the  vacuum,  a  KReOa  overlayer  was 
evaporated  over  part  of  each  metal  film.  The  polychromatic  SEW  measurement  con¬ 
sisted  of  focussing  a  pencil  of  radiation  (solid  angle,  approximately  4°  in  the  air) 
from  a  Nernst  glower  source  at  the  edge  of  the  metal  film  to  be  studied  (point  b  in 
fig.  lb).  This  beam,  which  was  focussed  with  elliptical  mirrors,  excited  SEW* s  which 
traversed  the  surface  and  reappeared  at  the  far  edge  of  the  film  as  a  collimated 
beam  radiating  into  the  coupler  at  the  critical  angle  0C(P).  This  beam  was  directed 
into  a  step-and-integrate  Micnelson  interferometer  and  then  focussed  on  an  As  :  Si 
photoconductive  detector. 

The  SEW  transmission  spectrum  of  a  1 .7  cm  long  gold  film  covered  by  approxi¬ 
mately  one  monolayer  of  KReO«  is  shown  in  fig.  2a.  The  P3  mode  of  the  ReOI 
molecule  [13]  produces  the  absorption  line  at  930  cm"1.  Shown  for  reference  in 
fig.  2b  is  the  spectrum  of  the  SEW  transmission  across  a  region  of  the  same  gold 
film  with  no  KRe04  overlayer.  In  each  case,  the  instrumental  resolution  is  24  cm"1 . 
The  spectral  range  is  limited  at  the  low  frequency  end  by  the  beam  splitter  used  in 
the  interferometer  and  at  the  high  frequency  end  by  the  increasing  SEW  attenua¬ 
tion. 

The  same  sample  has  been  studied  by  surface  reflection  spectroscopy  using  a  two 


Frequency  (cm"') 

Fig.  2.  Broadband  Surface  Electromagnetic  Wave  transmission  spectra:  (a)  The  transmission 
spectrum  of  SEW's  traversing  a  1.7  cm  path  across  the  surface  of  an  optically  thick  gold  film 
coated  with  an  approximately  1  monolayer  thick  KReOa  overlayer;  (b)  SEW  transmission  spec¬ 
trum  of  an  uncoated  repon  of  the  same  1 .7  cm  gold  film. 
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beam  spectrometer  with  a  variable  angle  reflectance  accessory.  Reflectance  spectra 
have  been  taken  with  the  spectrometer  beam  incident  at  angles  <?.  ranging  from  55 
to  70°.  The  presence  of  the  KReCU  overlayer  produces  a  25  cm"1  wide  line  at 
932  cm" 1  which  is  about  1 7c  deep  at  0  ~  60° . 

The  effect  of  an  overlayer  on  either  the  reflectance  of  or  the  SEW  transmission 
across  a  metal  can  be  calculated  as  an  electromagnetic  boundary  value  problem 
[4,14].  The  overlayer  is  represented  as  a  continuous  medium  of  thickness  tf, 
separating  infinite  half  spaces  of  metal  and  air.  The  properties  of  the  overlayer  are 
subsumed  in  a  complex  frequency  dependent  dielectric  coefficient,  ?q. 

To  first  order,  the  effect  of  a  thin  overlayer  on  the  metallic  reflectivity  of  a  TM 
polarized  beam  can  be  expressed  as  [14] 


A R 
R 


=  8wd(cos  oi  lm 


~(?pg,nri<?D-rgm)Sin:0 
1  -  e^(l  +em)sin-o 


'j 


(4) 


where  (A R;R)  =  [R(0)  -  R(d)]/R(0)  is  the  fractional  change  in  reflectivity  with 
R(d)  and  R( 0)  the  respective  reflectance  spectra  of  the  surface  with  and  without 
the  overlaver  and  ?m  =  the  frequency  dependent  dielectric  function  of  the  metal. 


In  the  infrared,  i 
(4)  simplifies  to  [15] 


I  <  1 ,  and  at  least  up  to  p  =  85  ,  cos'O  <  l?m  T  .  hence  eq. 


A R 
R 


a  ~;Sln2°I 
1  87t;-c/ - Im 

cos  <? 


(-£) 


(5) 


SEW  transmission  spectra  can  be  calculated  using  the  same  model  [4] .  The  full 
linear  approximation  theory  cannot  be  used  because  even  very  thin  overlavers  can 
produce  deep  (>50%)  absorption  lines.  In  the  infrared  to  linear  order  in  Vd  one 
finds  that 


(6.) 


'"( w) '  H  Hfer;  -  )  J }  lm(-  i ) 

where  T{d)  and  F(0)  are  the  respective  SEW  transmission  spectra  with  and  without 
the  overlayer  and  I  is  the  length  of  the  SEW  path.  When  is  represented  by  a 
Drude  model,  then  in  the  relaxation  limit  eq.  (6)  reduces  to 


In 


1  770) 


/  1  \ 

=  Swd  -  1. 

■n(  —  —  ) 

/  \  ‘'p  / 

(7) 


where  i>p  is  the  plasma  frequency  of  the  metal.  We  have  verified  that  eq.  (7)  pro¬ 
vides  a  reasonable  approximation  to  the  numerical  results  obtained  from  the  exact 
equations  for  KRe04  on  Au  in  the  1 000  cm"1  region. 

From  eq.  (7)  the  size  of  the  effect  produced  by  the  overlaver  increases  with  the 
SEW  path  length,/,  however  the  power  transmitted  across  the  surface  at  each  fre¬ 
quency  has  an  exponential  dependence  on  1.  The  signal -to-noise  in  the  spectrum  is 
maximized  when  /  is  equal  to  the  SEW  propagation  length.  L,  which  is  defined  as 
the  distance  over  which  the  intensity  of  a  propagating  SEW  is  attenuated  by  a  fac- 
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tor  of  e"1 .  For  our  evaporated  gold  films.  L  is  in  the  neighborhood  of  2  cm  at  1000 
cm'1. 

The  optical  density  of  the  KReO.»  overlaver  as  probed  by  the  SEW’s  is 

0SEW  3  Did)  -  0(0)  =  0.43  \n[T(Q)/T(d)]  ,  (8) 

where  D(d )  is  the  optical  density  of  the  metal  plus  overiayer  and  Z)(0)  is  the  optical 
density  of  the  bare  metal.  For  the  reflectivity  measurement,  the  optical  density  of 
the  overlayer  is 

Dsrs  =  0.43  \n[R(Q)IR(d)]  =  0.43(AR/R)  .  (9) 

The  two  techniques  can  be  compared  by  integrating  the  measured  optical  den¬ 
sity  over  the  absorption  line  giving  fD.  For  the  SEW  absorption  line  shown  in  fie. 
2a, 

J-Dsew  =  6.9  cm'1  (measured) . 

The  integrated  optical  density  of  the  line  in  the  TM  reflectance  spectrum  of  the 
same  film  is 


fo 


SRS 


=  1.3  X  10'1  cm'1  (measured) . 


O“60 


By  means  of  eq.  (5).  we  can  extrapolate  this  observed  reflectivity  result  to  the  most 
sensitive  experimentally  feasible  angle  [16], 0  =  80-85°.  so 


I'd 


SRS 


0=Si' 


=  7.0  X  10'1  cm'1  (extrapolated) . 


Hence  the  experimental  ratio  of  the  integrated  optical  densities  of  the  absorption 
line  in  the  SEW  spectrum  to  that  for  a  single  bounce  SRS  measurement  is  >10.  This 
result  should  be  compared  with  the  ratio  of  the  calculated  integrated  optical  den¬ 
sities  (eqs.  (7)  and  (5))  which  is 


fD SEW_  -/P l;vv 

/OsRs'5111'^050 


(10) 


For  the  parameters  appropriate  to  the  KReOa  :  Au  system,  namely,  /=  1.7  cm. 
P0  =  103  cm'1  and  Pp  =  72700  cm'1  then 


Jd  sew 


fD 


SRS 


=  9. 


lo=83c 


(calculated)  . 


which  is  in  reasonable  agreement  with  the  experimental  ratio  obtained  above. 
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With  the  dispersion  compensated  broadband  SEW  coupler  we  have  demonstrated 
that  an  incoherent  source  can  be  used  to  excite  SEW's  over  a  broad  band  of  IR  fre¬ 
quencies.  .4s  long  as  the  sample  length  is  adjusted  to  be  approximately  equal  to  the 
SEW  propagation  length  in  the  infrared  region  of  interest,  then  SEW  spectroscopy 
enhances  the  integrated  optical  density  of  an  absorption  feature  by  at  least  an  order 
or  magnitude  over  SRS.  With  a  KRS-5  coupler  it  should  be  possible  to  use  the 
broad  band  SEW  spectroscopic  technique  described  here  down  to  a  frequency  of 
ZSOcm'1. 
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AFCSR-76-3684  and  by  the  National  Science  Foundation  through  Grant  No.  DMR- 
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We  present  a  magneto-optical  study  of  the  light  hole  valence  band  ot  InSb-NiSb  eutectic.  Far  infrared  transmis¬ 
sion  spectra  are  measured  as  a  tunction  of  sample  orientation,  temperature  <4.2  —86  ki.  and  magnetic  Held  (0  —  80  kG). 
Acceptor  energy  levels  and  Luttinger  coefficients  are  derived  from  the  data. 


1 .  Introduction 

InSb-NiSb  eutectic  is  a  two  phase  material  con¬ 
sisting  of  parallel  aligned  NiSb  fibers  within  a  semicon¬ 
ducting  InSb  matrix.  Qualitatively,  the  combination 
of  the  two  materials  in  this  form  results  in  a  medium 
with  highly  anisotropic  electrical  properties  [I].  The 
electrical  conductivity  is  large  in  the  direction  of  the 
metallic  NiSb  fibers  and  relatively  small  in  the  ortho¬ 
gonal  direction.  Also,  due  to  the  NiSb  fibers,  this 
eutectic  displays  magneto-resistive  properties  even 
more  dramatic  than  those  of  pure  InSb.  At  room  tem¬ 
perature.  a  factor  of  20  increase  in  resistance  at  10  kG 
has  been  observed  in  InSb— NiSb  [2].  These  electrical 
properties  have  already  resulted  in  a  number  of  prac¬ 
tical  devices  [1—3]. 

In  this  paper,  we  report  on  our  magneto-optical 
determination  of  some  of  the  InSb-NiSb  energy  band 
parameters.  We  present  far  infrared  spectra  of  InSb- 
NiSb  eutectic  where  the  sampie  temperature  is  varied 
from  4.2-86  K  and  the  magnetic  field  is  varied  from 
zero  to  80  kG.  The  source  of  the  eutectic  spectra 
appears  to  be  the  InSb  matrix  modified  by  the  NiSb 
fibers. 


*  Present  address  Bell  Laboratories.  Murray  Hill.  NJ  07974, 
USA. 


2.  Experimental 

2.1.  Sample 

The  two  phase  InSb-NiSb  eutectic  is  prepared  by 
uniaxial  solidification  of  the  alloy  consisting  of  l.S 
wt%  NiSb  [1 ).  The  NiSb  phase  appears  as  single  crys¬ 
tal  rods  with  their  long  3xis  aligned  parallel  to  the 
direction  of  solidification.  These  rods  are  spaced  uni¬ 
formly  but  randomly  in  the  plane  orthogonal  to  the 
growth  direction  (transverse  plane).  The  rod  dimen¬ 
sions  and  average  separation  are  determined  by  the 
growth  conditions.  In  the  present  samples,  the  NiSb 
fibers  are  1  jam  in  diameter.  50  to  100  pm  in  length, 
and  spaced  approximately  3  pm  apart  in  the  trans¬ 
verse  plane  [4],  The  InSb-NiSb  samples  are  S  mm 
diameter  discs  approximately  300  pm  thick. 

2.2.  Magneto-optical  results 

The  application  of  a  magnetic  field  to  the  InSb- 
NiSb  eutectic  produces  resonances  that  are  both  field 
and  temp-:aiure  dependent.  Due  to  the  number  of 
transitions  and  the  change  in  background  transmission 
with  magnetic  field,  the  resonances  are  most  easily  stu¬ 
died  by  rationing  the  transmission  at  a  field  H  to  the 
zero  field  transmission.  Fig.  1  shows  some  of  this  data 
at  4.2  K.  The  applied  magnetic  fields  are  indicated  on 
the  figure.  The  InSb-NiSb  sample  is  oriented  in  the 
Faraday  geometry  with  the  long  axis  of  the  NiSb  fibers 
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fig.  1.  Transmission  of  (nSfa-  NiSb  sample  at  the  magnetic 
fields  indicated  relative  to  the  zero  field  transmission.  The 
three  field  dependent  resonances  are  labeled  6).  6M,  and  e. 

parallel  to  H.  The  dashed  lines  are  drawn  to  emphasize 
the  field  dependent  resonances  (5j,  and  e).  These 
resonances  are  shown  below  to  be  independent  of  the 
orientation  of  the  fibers  with  respect  to  H.  The  feature 
at  60  cm-1  is  an  anisotropic  absorption  line  assumed 
to  be  a  result  of  the  NiSb  fibers.  Samples  with  the 
NiSb  fibers  orthogonal  to  the  field  direction  do  not 
show  this. 

Fig.  2  shows  more  clearly  the  field  dependence  of 
the  center  frequencies  of  resonances  r,.  5.  and  e  at 
4.2  K.  Data  from  eutectic  samples  with  the  NiSb  fibers 
oriented  parallel  or  orthogonal  to  H  differed  slightly, 
fig.  2  shews  typical  data  from  a  sample  with  the  NiSb 
fibers  parallel  to  H .  In  the  spectral  region  above  170 
cm-1 . 77  and  5  deviate  from  a  linear  field  dependence. 

5  is  pinned  at  the  InSb  LO  phonon  frequency  of 
190  cm-1 :  the  branch  above  190  cm-1  is  labeled  5U 
and  the  pinned  branch  is  labeled  5(.  The  effective 
masses  along  with  the  zero  frequency  intercepts  of  77, 

■') .  and  e  are  listed  in  table  1 . 

As  the  sample  temperature  is  raised,  the  absorption 


Tig.  2.  Field  dependence  of  transitions  p.  6.  and  e  at  4.2  K. 
The  data  are  obtained  from  a  sample  with  the  NiSb  fibers 
parallel  to  the  field. 


strength  of  77.  5 ,  and  e  weaken  and  two  new  transitions 
(a  and  2)  appear.  At  86  K.  only  a  and  3  are  apparent 
in  the  transmission  spectrum.  Fig.  3  shows  the  field 
dependence  of  a  and  3.  The  data  points  are  marked 
with  (X  )  or  (C  I  depending  on  whether  the  NiSb  fibers 
are  oriented  orthogonal  or  parallel  to//.  The  solid 
curves  in  fig.  3  are  drawn  through  the  combined  set  of 
data  points  and  represent  the  field  region  over  which 


Table  1 

Transition  parameters 


Transition 

^eff/^electron 

wi  H  =  0  kGi 
(cm~'l 

a 

0.0175 

0 

d 

0.0655 

26 

rj 

0.0137 

79 

6 

0.0206 

79 

€ 

0.0578 

73 
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Fig.  3.  Field  dependence  of  transitions  a  and  i  at  86  K.  The  (X)  and  <c)  points  are  data  from  samples  with  the  NiSb  Fibers  oriented 
orthogonal  or  parallel  respectively  to  the  field. 


data  were  obtained.  The  dashed  lines  extrapolate  the 
data  to  lower  fields  to  indicate  the  zero  field  intercepts. 
The  solid  curve  for  a  is  extended  beyond  20  kG  to 
emphasize  the  deviation  of  the  data  from  linearity. 
Table  1  lists  the  effective  mass  and  zero  field  intercept 
of  a  and  (3. 


coefficients  are  determined  by  the  effective  masses  of 
the  resonances.  Finally,  (A'.VX)a.  b  are  the  impurity 
states  associated  with  E.vla.  b).  The  notation  of  ref. 

[9]  is  used.  M  is  the  component  of  the  angular  mo¬ 
mentum  along//.  X  is  the  number  of  modes  in  the  im¬ 
purity  wave  function  along//.  The  vaiues  of  (A'AfXfa.b 


3.  Interpretation  of  results 

The  transitions  observed  in  the  transmission  spec¬ 
trum  of  InSb— NiSb  are  indicated  by  the  arrows  on  the 
energy  level  diagram  of  fig.  4.  For  the  most  part,  the 
energy  scheme  is  similar  but  not  identical  to  that  of 
p-type  InSb;  the  analysis  used  for  InSb  is  applied  to 
InSb-NiSb  eutectic.  Details  of  this  analysis  is  found 
in  ref.  [5]  and  will  be  given  in  a  following  publication. 

Three  different  types  of  energy  levels  are  shown  in 
tig.  4.  A0  and  A,  are  the  s-like  ground  and  p-like  first 
excited  acceptor  states  respectively.  The  energy  separ¬ 
ation  from  the  valence  band  of  A0  and  A]  may  be  ob¬ 
tained  from  the  zero  field  intercepts  of  the  transitions. 
Following  the  notation  of  refs.  [6]  and  [7],  E,v(a,b) 
are  the  Landau  levels  of  the  light  hole  valence  band. 

A’  is  the  orbital  quantum  number  while  fa)  and  fb) 
refer  to  the  spin  state.  Assuming  a  spherically  symme¬ 
tric  valence  band.  E.vfa,  b)  are  a  function  of  the  three 
Luttinger  coefficients  [S ]  y,-,  and  fL,  and  kl.  This 
assumption  should  be  valid  for  InSb-NiSb  since  the 
data  is  sample  orientation  independent.  The  Luttinger 
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fig.  4.  Cncrgy  level  diagram  for  InSb-NiSb  showing  the  ob¬ 
served  transitions. 
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cam'll  luted  for  InSb  are  used  to  analyze  the  eutectic 
data  [*?]. 

As  shown  in  fig.  4.  a  is  a  light  hole  cyclotron  reso¬ 
nance.  The  deviation  from  a  linear  field  dependence  is 
probably  due  to  free  hole-phonon  interaction  in  anal¬ 
ogy  to  the  coupling  of  the  electron  cyclotron  reso¬ 
nance  with  the  LO  phonon  [10J.  Nonparabolicity  is 
not  considered  to  be  the  cause  of  the  nonlinear  field 
dependence  of  a  since  the  light  hole  valence  band  of 
the  eutectic  has  been  determined  to  be  highly  para¬ 
bolic  front  a  high  ( 300  kG)  magnetic  field  study  [5]. 
Free  hole-phonon  interaction  has  not  been  observed 
in  p-ty  pe  InSb.  rj.  <5.  and  e  all  initiate  from  the  ground 
acceptor  state  A0:  the  final  states  are  assumed  to  be 
the  p-like  impurity  levels  ( 100)a.  (000)b,  and  (000)a 
respectively.  The  nonlinearity  in  the  field  dependence 
of  t\  rind  5  is  due  to  bound  hole-phonon  interaction 
[I ! }.  3  is  a  transition  from  the  first  excited  acceptor 
level  A(  to  the  s-like  impurity  level  (010)a.  The  differ¬ 
ence  in  the  effective  masses  of  3  and  e  is  attributed  to 
the  field  dependence  of  A0  in  similarity  to  the  central 
cell  shift  of  the  donor  ground  state  in  InSb  [12]. 

Analysis  of  the  InSb-NiSb  data  in  table  1  gives  the 
following  results.  The  Luttinger  coefficients  for  the 
valence  band  are  t]-  =  30.9.  yL  =  1 5.3.  and  *l  =  12.9. 
•\0  and  A |  are  S3  cm-1  and  2b  cm-1  respectively 
from  the  zero  field  valence  band  edge.  These  values  are 
similar  to  those  of  p-type  InSb. 
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Three  new  effects  in  the  very  shallow  photoconduction  spectrum  (ftco  < 

5  me  V,  T  ~  0.4  K)  of  Ge :  Sb  have  been  observed :  the  spectrum  is  found  to 
depend  strongly  on  electric-field,  background  excitation  spectrum,  and  on 
the  spectrometer  chopping  frequency.  These  effects  are  interpreted  as  evi¬ 
dence  that  the  spectra  are  the  consequence  of  two  distinct  trapping  centers 
whose  spectra  overlap;  they  thus  do  not  support  the  interpretation  of  this 
photoconduction  as  due  entirely  to  a  D'  band. 


AT  VERY  LOW  TEMPERATURES  (T  <  1 .2  K)  lightly 
doped,  uncompensated  Ge  :Sb  exhibits  photoconduction 
at  optical  energies  substantially  less  than  the  threshold 
energy  for  ionization  of  a  neutral,  isolated  Sb  donor  (10 
meV)  [1,2].  Analogous  very  shallow  photoconduction  is 
also  observed  for  other  dopants  in  both  Ge  and  Si  [3,  4], 
This  photoconduction  is  due  to  the  photodetachment  of 
electrons  from  very  shallowly  bound  traps  which  are 
populated  by  exposure  of  the  sample  to  weak  extrinsic 
background  radiation.  The  impurity  center  binding  this 
electron  has  previously  been  identified  as  the  D"  center 
formed  by  the  capture  of  a  photocarrier  by  a  neutral 
donor  and  in  analogy  with  the  atomic  H"  ion. 

One  of  the  most  perplexing  aspects  of  the  spectra 
observed  in  this  manner  has  been  their  variability.  The 
observed  spectrum  is  markedly  dependent  in  both 
shape  and  magnitude  on  temperature,  the  dopant  and 
its  doping  level,  uniaxial  stress,  and  magnetic  field.  Of 
these  spectral  changes  the  most  central  to  understanding 
the  origins  of  very  shallow  photoconduction  is  the  tem¬ 
perature  dependence  of  the  spectrum;  several  authors 
[2.  3,  5]  have  reported  that  the  spectrum's  threshold 
shifts  to  higher  energy  as  the  temperature  is  increased. 
These  shifts  have  been  attributed  either  to  the  forma¬ 
tion  of  impurity  bands  from  a  single  type  of  defect 
(cf.  the  D~)  [2, 3]  or  to  the  presence  in  the  spectrum 
of  components  originating  from  additional  shallow 
levels  (D'-D*,  Dj,  etc.)  [5]. 

Here  I  shall  report  several  new  experiments  on  very 
shallow  photoconduction  in  Ge :  Sb  which  show  spectral 
shifts  closely  related  to  the  shifts  seen  when  the 
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specimen  temperature  is  varied.  The  most  important  of 
these  results  is  the  observation  that  the  bias  electric-field 
used  to  measure  the  photoconductivity  spectrum  modi¬ 
fies  the  spectral  shape.  A  simple  method  for  decompos¬ 
ing  the  spectrum  into  two  different  but  field-independent 
spectra  has  been  found.  The  changes  in  the  spectral 
shape  seen  with  electric  field,  temperature,  spectrometer 
chopping  frequency  and  background  excitation  spec¬ 
trum  can  be  accounted  for  by  changing  the  weighting, 
but  not  the  shape,  of  these  two  components  of  the 
observed  spectrum.  These  new  observations  thus  strongly 
support  the  existence  of  two  distinct  types  of  shallow 
center  in  Ge:Sb. 

The  photoconduction  spectra  reported  here  were 
measured  using  lamellar  and  Michelson  Fourier  trans¬ 
form  spectrometers.  The  specimen  temperature  ranged 
from  0.4  to  4.2  K.  Eight  specimens  of  Ge :  Sb  were 
examined;  only  two  of  these  specimens  exhibited 
measurable  shallow  trap  photoconduction.  The  failure 
of  most  specimens  to  exhibit  very  shallow  photoconduc¬ 
tion  is  usually  attributed  to  fairly  high  compensation 
ratios  (NA  /ND  >  0.05)  [  1  ],  although  the  importance  of 
low  compensation  is  not  quantitatively  understood.  All 
of  the  spectra  reported  here  are  from  the  purest  speci¬ 
men  ( Nd  =  33  x  1014cm‘3,./Vi|  =  4.4  x  10,2cm"s).  The 
effects  reported  here  were  also  observed  in  another 
Ge :  Sb  specimen  and  in  a  Ge :  Ga  specimen. 

All  of  the  photoconduction  spectra  were  taken  in 
the  presence  of  significant  cold-filtered  room- 
temperature  background  radiation.  This  radiation  gener¬ 
ates  a  background  photoconductivity  by  ionizing  neutral 
Sb  donors;  the  background  photoconductivity  was 
always  much  larger  than  the  specimen’s  dark  conduc¬ 
tivity.  Both  the  phase  and  magnitude  of  the  shallow  trap 
photoconduction  were  recorded  as  a  function  of  the 
spectrometer  chopping  frequency ;  these  measurements 
are  equivalent  to  time-domain  measurements  of  the 
spectrum,  albeit  on  the  time  scale  of  tens  of  milliseconds. 
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Fig.  1.  Ratio  of  the  relative  photoconduction  spectrum 
5 a(v)/a  to  spectrometer  power  spectrum  P(0)  for  four 
bias  electric  fields,  a:  background  photoconduction. 
0.49  K,  KI  composte  cold  filter  <?<  100  cm'1). 


Fig.  2.  Shallow  trap  photoconduction  5  a  at  15  and  30 
cm'1  as  a  function  of  the  sample’s  electric  field  depen¬ 
dent  background  photoconductivity  a.  5  a  at  each  wave- 
number  has  been  normalized  by  the  intensity  by  the 
intensity  of  the  spectrometer  radiation  determined  by  a 
0.4  K  bolometer.  V<  100  cm'1;  T  =  0.43K. 

The  shallow  photoconduction  spectra  observed  at 
four  electric  field  levels  are  plotted  in  Fig.  1 ;  an  increase 
in  the  field  clearly  enhances  the  strength  of  the  spec¬ 
trum  in  the  low-frequency  threshold  region  relative  to 
the  tail  of  the  spectrum.  The  absolute  normalization  of 
these  spectra  is  important:  the  intensity  of  the  photo¬ 
conduction  spectrum,  &o(V,E)  has  been  divided  by  the 
field-dependent  background  photoconduction  o(£)  (v  is 


the  optical  frequency  in  wavenumber  (cm'1)  units;£  is 
the  electric  field).  In  addition  the  spectra  are  ratioed  to 
the  power  spectrum  of  the  spectrometer.  The  origin  of 
the  electric-field  dependence  of  c(£)  itself  is  a  matter  of 
mild  controversy,  and  in  fact  no  universal  explanation, 
valid  for  any  specimen,  can  be  offered.  However, 
additional  experiments  on  the  neutral  donor  photocon¬ 
duction  spectrum  (i?>  70  cm'1)  and  its  field  depen¬ 
dence  for  tl  •  specimen  are  consistent  with  the  picture 
that  the  dependence  a(£)  is  due  to  the  apparent  field- 
ionization  [7]  of  excited  states  of  the  neutral  Sb  donor. 
The  field-ionization  of  these  states  contributes  both  to 
an  increase  in  the  carrier  generation  rate  (via  field 
assisted  ionization  of  donors  photoexcited  by  the  back¬ 
ground  radiation)  and  to  an  increase  in  the  recombi¬ 
nation  lifetime  (as  a  consequence  of  “cascade  recombi¬ 
nation",  in  which  carriers  recombine  by  failing  through 
these  same  excited  states).  The  optical  cold  filter  for 
these  data  was  chosen  to  emphasize  the  change  in  the 
generation  rate,  which  accounts  for  nearly  50%  of  the 
observed  variation  of  o(£);  other  choices  of  optical  cold 
filters  do  influence  the  observed  spectra. 

If  the  variation  o(£)  were  entirely  due  to  changes  in 
the  generation  rate,  a  simple  proportionality  between 
5 o(P,  E)  and  o(£)  would  be  expected,  according  to  the 
argument  that  the  density  of  carriers  in  shallow  levels  is 
proportional  to  the  density  of  carriers  in  the  conduction 
band.  This  hypothesis  has  been  tested  in  Fig.  2.  The 
expected  linear  relationship  is  obtained,  but  the  15  cm'1 
line  has  a  substantial  negative  intercept.  This  negative 
intercept  is  the  origin  of  the  field-dependence  of  the 
spectra. 

The  5  a  vs  a  relations  obtained  thus  suggest  the 
following  model  for  very  shallow  photoconduction. 

The  spectra  consist  of  one  component  which  scales 
with  the  background  photoconduction,  and  an  additional 
negative  component  which  is  field -independent: 

5  o(v,  £)  =  a(P)a(£)  +  j3(i0- 

The  spectra  obtained  from  this  decomposition  in  the 
zero-field  limit  are  presented  in  Fig.  3.  The  “photo- 
carrier”  spectrum  is  <*(?),  and  the  “impurity  conduc¬ 
tion"  spectrum  is  0(V).  These  labels  refer  to  an  hypothe¬ 
sis  for  the  photoconductive  mechanisms  underlying 
these  components,  and  in  particular  the  negative  compo¬ 
nent  is  speculatively  attributed  to  a  reduction  in  the 
impurity  conduction  of  trapped  carriers. 

The  validity  of  this  decomposition,  which  originates 
with  the  electric-field  dependence  of  the  spectrum,  is 
strongly  supported  by  its  success  in  describing  the 
dynamics  of  the  shallow  photoconduction.  In  particular, 
the  rather  long  trap  lifetimes  obtainable  at  very  low  tem¬ 
peratures  give  rise  to  a  photoconduction  signal  in 
quadrature  with  the  chopped  spectrometer  illumination. 
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Fig.  3.  Decomposition  of  the  zero-field  photoconduction 
spectrum  into  two  components;  experimental  conditions 
are  those  of  Fig.  2. 

This  quadrature  spectrum  is  given  quite  precisely  by  the 
“photocarrier”  component  of  Fig.  3  alone;  the  quad¬ 
rature  spectrum  does  not  show  the  electric-field  depen¬ 
dence  of  the  spectrum  measured  in  phase  with  the  spec¬ 
trometer  illumination. 

I  associate  the  two  components  of  the  photocon¬ 
duction  spectrum  with  two  distinct  shallow  centers, 
differing  greatly  in  photoconduction  mechanism  and 
characteristic  lifetimes,  but  with  remarkably  similar 
spectra  and  magnitudes  of  photoconductive  response. 
Rate  equation  models  for  two  centers  which  predict  the 
two  components’  dependences  on  electric-field,  chop¬ 
ping  frequency,  and  the  background  excitation  spec¬ 
trum  have  been  obtained  and  will  be  presented  else¬ 
where.  These  models  do  not  account  for  the  similarity 
of  the  two  centers’  spectra  or.  as  yet,  for  the  compar¬ 
able  magnitudes  of  their  respective  photoconductivities. 
The  convincing  identification  of  these  centers,  and  of 
their  relationship  to  the  e2  activation  energy  [8]  of 
importance  in  the  Mott  description  of  the  metal-insulator 
transition,  are  important  avenues  for  further  research. 
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